In 1997, the Isahaya Reservoir was constructed at the innermost part of Isahaya Bay, Japan to prevent natural disasters and to develop water resources for large-scale farm lands. The main purposes of this study were to analyze the mechanisms underlying the water quality changes observed and to collect significant information for water quality management at the reservoir. Observed water quality parameters on chlorophyll-a, suspended solids, total nitrogen, dissolved inorganic nitrogen, total phosphorus, dissolved inorganic phosphorus and chloride ion were analyzed by using a water quality model. It was found that the results obtained from the developed water quality model agreed with the observed data. After calibrating the observed data, a simple sensitivity analysis was conducted to demonstrate the mechanisms of the water quality changes. The major water quality problems were suspended solids that had been resuspended by strong wind and eutrophication due to the enrichment of nutrients. The major mechanisms of water quality changes in the Isahaya reservoir were a coagulation and flocculation by brackish water and the transformation process of phosphorus. The coagulation affected the settling velocity of suspended solids and dissolved phosphorus. It was also revealed that the resolution process of dissolved phosphorus from suspended solids was controlled by the salinity.
INTRODUCTION
Isahaya Bay is located in the western part of the Ariake Sea in southwestern Japan. The water quality in the Isahaya Reservoir has been deteriorated due to the enrichment of nutrients which have accelerated the growth of algae in the reservoir since the initiation of the reclamation project. In addition, the chemical oxygen demand (COD), total phosphorus (TP), and total nitrogen (TN) have been higher than the goal levels for the reservoir (COD 5 mg/L, TN 1 mg/L and TP 0.1 mg/L). It is of great concern and importance to identify the mechanisms underlying the adverse water quality changes in the reservoir; the eutrophication process seems to be the most important issue.
SUMMARY OF THE ISAHAYA RESERVOIR
The Isahaya reservoir and its watersheds are shown in Fig. 1 . In general, the water level of the reservoir has been maintained at around 1 m below the average sea level to prevent damages from high tides and flooding. Details of the watersheds of the Isahaya reservoir are listed in Table 1 . 
where, ) (t V : water volume of Isahaya Reservoir (L 3 ) ) (t Q in : inflow from the watersheds (L 3 /T) ) (t Q out : outflow from Isahaya Reservoir (L 3 /T) ) (t Q m : inflow from the Ariake Sea (L 3 /T) (Seawater seepage) ) (t Q r : direct inflow by rainfall (L 3 /T) The capacity of the reservoir is calculated based on water level data. Inflow or seawater seepage from the Ariake Sea ) (t Q m is estimated by Darcy's law as shown in Eq. (2).
: daily seawater level (L) ) (t h : daily reservoir water level (L)
The overall permeability coefficient can be verified by comparing the simulated chloride concentration with the observed values. The good correlation between simulated chloride and observed data shown by Mitsugi et al. (2012) confirmed that the amount of seawater seepage can be determined by Darcy's law.
WATER QUALITY MODEL
The water quality model was developed assuming complete mixing in the reservoir. This assumption is already confirmed through analyzing observed data (Ittisukananth 2008) . Water quality parameters in this model are chlorophyll-a (Chl-a), COD, suspended solids (SS), TN, dissolved inorganic nitrogen (DIN), TP, dissolved inorganic phosphorus (DIP) and chloride ion (Cl). The available data for this model consist of the water quality data of the Isahaya Reservoir (Kyushu Regional Agricultural Administration Office, 2006), the annual record of each river's discharge (River Bureau, Ministry of Land, Infrastructure, Transport and Tourism, Japan, 2005) and the relevant meteorological data (Automated Meteorological Data Acquisition System -AMeDAS, 2007) .
Inflow loading from each watershed is determined from the loading [L (M/T)] and flow rate [Q (L 3 /T)] relationship. The constants of the L-Q relationship, L= aQ b , for SS, COD, TN and TP are listed in Table 2 . 
: settling velocity of SS (M/T)
The resuspension flux of SS due to wind [J res (M/L 2 T)] from the mud bed is calculated by wind functions as expressed in Eq. (5). The wind velocity and wind direction data were obtained from Shimabara Station, Nagasaki. 
The wind direction coefficient is expressed in Eq.(6).
The equations of the water quality model are shown as Eqs.7 to 12. The simulation period was from April 1998 to March 2002. To obtain the chlorophyll-a concentration which occurs during each season, three types of algae productivity were considered i.e. diatoms, green algae and blue-green algae.
Chlorophyll-a dt
Where, 
Resolution of Phosphorus
In accord with the report by Tanaka (1994) , a laboratory test was conducted under different salinity concentrations to reveal the behavior of phosphorus in an estuarine basin. The resolution of phosphorus which was adsorbed in SS was confirmed.
In the present study, the DIP resolution equations shown as Eqs. (13) and (14) were first developed based on the experimental results reported by Tanaka (1994) , and the equilibrium concentration (c ∞ ) was determined.
The concentration of phosphate was normalized based on the difference between the equilibrium concentration and the phosphate concentration at each time step to describe the resolution process. The normalization of phosphate is shown in Fig. 2 
SS Concentration
The simulated SS from April 1998 to March 2002 shown in Fig. 3 fluctuated widely over the simulation period. High SS concentrations occur due to high discharge loading during heavy rainfall periods and due to resuspension during strong winds. It is found that settlement flux and resuspension flux should be taken into account to obtain good agreement with the observed data. The settlement velocity is based on flocculant settlement under the brackish condition of the reservoir. The mud property taken into account in resuspension rate () in Eq. (5) is cohesive under the brackish condition (Ittisukananth et al. 2008) . All parameters obtained from the model calibration in this study are summarized in Table 3 . Some of these parameters refer to Iwasa (1990) , PWRI (1987) , Matsunashi (1998) and Vongthanasunthorn (2010) . The patterns of SS concentration in summer season (June to September) between 1999 and 2000 are quite different because a typhoon attacked this area. In 1999, during the summer season with very high typhoon activity, the higher SS concentration pattern occurs as well. In order to evaluate the accuracy of the simulation results of SS, a simple sensitivity analysis was performed. The results are shown in Figs. 4 and 5. These figures confirm that the SS transport parameters shown in Table 3 are appropriate from the view point of parameter fitting. 
TN and DIN Concentrations
Before obtaining the calibration results of the TN and DIN concentrations, a trial simulation was conducted to evaluate the effect of the land load. The results showed that loadings of TN and DIN from land have almost no contribution to the concentrations of TN and DIN in the reservoir, because the simulation results gave low and constant concentrations. This means that the release and resuspension should be taken into account in the fluctuating period in order to approach the observed data (Ittisukananth et al. 2008) .
Finally, the TN and DIN calibration results are shown in Fig. 6 . With algal productivity and bed load discharge, the TN and DIN calibration results are in good agreement with the observed data, indicating that internal sources such as algal growth and bed load discharge play an important role in the changes of nitrogen concentration and should be considered as sources of nitrogen in the Isahaya Reservoir.
In Fig. 6 , the DIN level drops sharply during high algae growth. The simulated results in the spring of 2001, however, differ from the observed data. The lower observed data probably occurred because consumption of DIN was controlled by the specific algae. Thus, to evaluate TN and DIN for long-term simulation, more details regarding other biomasses and algal growth including their affecting factors should be obtained in future studies. 
TP and DIP Concentrations
In order to evaluate the effects of land load of TP and DIP, a trial simulation on TP and DIP was performed, the same as on TN and DIN. The trial simulation results revealed small effects of land load, similar to that obtained for TN and DIN.
As in the simulation for the TN and DIN concentrations, the resuspension of TP and the release of DIP from the mud bed should be taken into account in the fluctuating region. In addition, the nutrient consumption by algae is an important process to obtain calibration results of the algal growth process. Two types of calibration were conducted. First, the resolution from SS under the brackish condition was not introduced into the changes of the DIP concentration (Mitsugi et al. 2012) . Overall agreement between the observed data and the simulation results was obtained except in the period of high concentrations of TP and DIP. These differences appear especially in the period of high SS and low river flow rate due to no rain or light rainfall. This tendency suggests that an additional process during a high SS concentration in the brackish condition is necessary to increase DIP and TP in the region. After this result, the simulation was incorporated with the resolution process reported by Tanaka (1994) , and the simulation results are shown in Fig. 7 . The concentrations of DIP and TP rose due to resolution effect during the period of high SS concentration and high salinity. The increased DIP in Fig.  7 is the adsorbed DIP which dissolves again from SS according to the salinity level. Some difference can be seen in the high concentrations of TP and DIP although the overall agreement with the observed data is good. To obtain better agreement of the TP and DIP simulation results, further study of the SS transport mechanisms such as flocculant settlement and resuspension under brackish condition is necessary. The adsorption of DIP by SS and the DIP resolution from SS will be studied in greater detail in the future.
COD and Chlorophyll-a Concentrations
As shown in Fig. 8 , the concentration of algae was estimated in terms of chlorophyll-a. The calibration results of the chlorophyll-a concentration shows seasonal changes, and their agreement with the observed data is not always good. Fig. 8 . Chlorophyll-a concentration. Figure 9 shows the calibration results of the COD concentration, which includes the chlorophyll-a concentration because the biomass of algae is one type of organic matter. The agreement of the COD concentration was better than that of the chlorophyll-a concentration, though the two changing patterns are similar. This means that the reaction term on modeling of algal growth should be formulated by linking with nutrients and other water quality factors such as salinity and water temperature. In future studies, in order to develop this relationship, algae species and algal productivity factors should be examined in detail. Fig. 9 . COD concentration.
CONCLUSIONS
In this study, the mechanisms of the long-term change of water quality in the Isahaya Reservoir were examined based on the simulation results and the sensitivity analysis.
It can be concluded that the major sources of nutrient in the Isahaya Reservoir is not only the land load but also bed load. The characteristic change of water quality is suspended solids (SS) under the brackish condition It is found that coagulation-flocculation by seawater affects the settling velocity of suspended solids (SS) and phosphorus. The simulation results also indicated that the resolution process of dissolved inorganic phosphorus (DIP) from SS is controlled by salinity.
These sources may play an important role as the nutrient supply for algae in the Isahaya Reservoir and can cause eutrophication in this reservoir. The interrelation between the algal productivity, the bed load, coagulation-flocculation and DIP resolution from SS should be taken into account to gain a greater understanding of the influence of discharged load from the Isahaya Reservoir on the nutrient content in the Ariake Sea. 
